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Macrophages use a compartmentalized dual detection system to respond 
to bacterial infection. Toll-like receptors (TLRs) respond to extracellu-
lar or vacuolar stimuli, whereas Nod-like receptors (NLRs) respond to 
cytosolic perturbations. In general, TLRs orchestrate downstream immune 
responses by inducing the transcription, translation and release of specific 
cytokines, including interleukin 6 (IL-6) and IL-12. However, in the case 
of the pleiotropic cytokines IL-1β and IL-18, TLRs and NLRs function in 
concert. TLRs induce expression of the precursor forms of these cytokines 
(pro-IL-1β and pro-IL-18), after which NLR-dependent activation of 
 caspase-1 regulates their proteolytic processing and release1.
Many pathogens are controlled by caspase-1-mediated innate immune 
responses, and these are associated with the downstream effects of IL-1β 
and IL-18 (ref. 2). IL-1β promotes inflammation, including vasodilation 
and extravasation of cells of the immune response and has also been 
linked to the generation of responses of IL-17-producing helper T cells. 
Although IL-18 is best known for its activity in promoting the produc-
tion of interferon-γ (IFN-γ) in T helper type 1 cells, natural killer cells 
and cytotoxic T lymphocytes, it can also enhance the development of 
T helper type 2 cells and promote local inflammatory responses. Mice 
deficient in the cytoplasmic receptor NLRP3 (cryopyrin) or caspase-1 
are more susceptible to influenza infection, and this effect is attributable 
mainly to IL-1β signaling3–7. In contrast, bacteria such as Shigella are 
controlled by caspase-1-dependent secretion of IL-18, not of IL-1β8. 
Activation of caspase-1 is also involved in autoinflammatory diseases, as 
mutations in the gene encoding NLRP3 that cause spontaneous activa-
tion of caspase-1 result in a spectrum of NLRP3-associated periodic fever 
syndromes. These can be effectively treated with an antagonist to the IL-1 
receptor, which indicates that they are mostly IL-18 independent2. Thus, 
there is a pathway from caspase-1 to IL-1β or IL-18 in the clearance of 
several pathogens as well as in autoinflammatory syndromes.
In vitro, in addition to resulting in the processing IL-1β and IL-18, 
activation of caspase-1 triggers a form of cell death called ‘pyrop-
tosis’9. Like apoptosis, pyroptosis requires the proteolytic activa-
tion of specific caspases: caspase-3 and caspase-7 for apoptosis, and 
 caspase-1 for pyroptosis. In contrast to apoptosis, which is often anti-
 inflammatory, pyroptosis is predicted to be proinflammatory because 
of the rapid loss of cell membrane integrity and release of cytosolic 
contents. Although certain mechanistic aspects of pyroptosis have 
been characterized in vitro, its function in vivo remains unknown.
Pathogenic bacteria can modulate host cell-signaling pathways by 
delivering virulence factors to the cytosol of host cells. The type III 
secretion system (T3SS) is one of the most complex and versatile 
mechanisms used by many Gram-negative pathogens10. However, 
the mammalian innate immune system has developed mechanisms 
to detect T3SS activity1,11. The SPI1 T3SS, which promotes invasion 
of epithelial cells by Salmonella typhimurium, can be readily detected 
by caspase-1 in vitro via detection of inadvertently translocated flagel-
lin or PrgJ rod protein mediated by the caspase-1 activator NLRC4 
(Ipaf)1,11,12. In vivo, this detection can delay the kinetics of bacte-
rial replication but is not sufficient to prevent the death of wild-type 
mice13,14. S. typhimurium express neither SPI1 nor flagellin during 
the systemic phase of infection. Instead, these bacteria express a 
different T3SS, SPI2, which promotes replication in macrophages15. The 
SPI2 T3SS rod protein SsaI is not detected by NLRC4 (ref. 12). Thus, 
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Macrophages mediate crucial innate immune responses via caspase-1-dependent processing and secretion of interleukin 1b 
(IL-1b) and IL-18. Although infection with wild-type Salmonella typhimurium is lethal to mice, we show here that a strain that 
persistently expresses flagellin was cleared by the cytosolic flagellin-detection pathway through the activation of caspase-1 by the 
NLRC4 inflammasome; however, this clearance was independent of IL-1b and IL-18. Instead, caspase-1-induced pyroptotic cell 
death released bacteria from macrophages and exposed the bacteria to uptake and killing by reactive oxygen species in neutrophils. 
Similarly, activation of caspase-1 cleared unmanipulated Legionella pneumophila and Burkholderia thailandensis by cytokine-
independent mechanisms. This demonstrates that activation of caspase-1 clears intracellular bacteria in vivo independently of  
IL-1b and IL-18 and establishes pyroptosis as an efficient mechanism of bacterial clearance by the innate immune system.
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by repressing both PrgJ and flagellin, S. typhimurium is able to evade 
detection by NLRC4 during the systemic phase of infection12,16,17.
Here we examine the consequences of activation of NLRC4 and cas-
pase-1 on the innate immune response to infection. Although wild-
type S. typhimurium cause a lethal systemic infection in mice, we show 
that an S. typhimurium strain that fails to evade NLRC4 was efficiently 
cleared. This clearance did not require IL-1β or IL-18. Instead, it 
was associated with pyroptotic macrophage death. With the lysis of 
macrophages, pathogens were released into the extracellular space 
and became exposed to uptake and efficient killing by neutrophils 
through the activity of reactive oxygen species (ROS).
RESULTS
NLRC4 detects flagellin-expressing S. typhimurium
In vivo, wild-type S. typhimurium (ST-WT) repress flagellin expres-
sion; we hypothesized that this increases virulence by enabling evasion 
of the intracellular flagellin detector NLRC4. We sought to test our 
hypothesis by generating an S. typhimurium strain that persistently 
expresses the flagellin protein FliC. This strain (ST-FliCON) contains 
a plasmid in which fliC is expressed by a promoter of the gene encod-
ing SPI2. To explore whether ST-FliCON bacteria activate NLRC4, 
we infected bone marrow–derived macrophages (BMDMs) with ST-
WT or ST-FliCON and found that ST-FliCON induced IL-1β secretion 
and caspase-1 processing, whereas ST-WT did not (Fig. 1a,b). These 
responses required the SPI2 T3SS in the bacteria (Fig. 1c) and were 
dependent on NLRC4 in macrophages (Fig. 1b,d).
Flagellin expression attenuates S. typhimurium in vivo
To study whether NLRC4 activation affects systemic bacterial infec-
tion in vivo, we challenged mice with either ST-WT or ST-FliCON. 
We found that wild-type mice infected with ST-WT succumbed to 
systemic infection within 6–8 d, whereas ST-FliCON did not kill wild-
type mice (Fig. 2a). To understand the mechanism underlying the 
avirulence of ST-FliCON, we compared the bacterial loads of ST-WT 
and ST-FliCON in mice by a competitive index (CI) assay. In this assay, 
we used equal numbers of an ST-WT reference strain and ST-FliCON 
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Figure 1 Characterization of flagellin-expressing S. typhimurium.  
(a) Enzyme-linked immunosorbent assay of IL-1β in wild-type BMDMs 
infected for 4, 6 or 8 h with ST-WT or ST-FliCON (multiplicity of infection 
(MOI), key) under conditions in which SPI2 T3SS is expressed and SPI1 T3SS 
is not expressed, followed by treatment with gentamicin. (b) Immunoblot 
analysis of caspase-1 processing in wild-type (WT) and Nlrc4−/− BMDMs 
infected for 1 h with ST-WT or ST-FliCON as in a at an MOI of 20. Pro-casp1, 
precursor form of caspase-1; p10, mature form of caspase-1. (c) IL-1β 
concentration in wild-type BMDMs infected for 4, 6 or 8 h with ST-FliCON or 
SPI2-mutant (ssaT) ST-FliCON at an MOI of 12. (d) IL-1β concentration in 
wild-type and Nlrc4−/− BMDMs infected for 2, 4, 6 or 8 h with vector only or 
vector containing a plasmid expressing ST-FliCON, at an MOI of 10. NS, not 
significant (P > 0.05); *P < 0.05, versus the relevant control (t-test). Data are 
representative of at least three experiments (error bars, s.d.).
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Figure 2 Flagellin expression attenuates S. typhimurium in vivo. (a) Survival of wild-type and Nlrc4−/− mice infected with ST-WT or ST-FliCON (100 CFU). 
(b) CFU in the spleens of wild-type mice infected for 48 h with equal numbers of various combinations (above graph) of ST-WT, ST-FliCON, SPI2-mutant 
ST-FliCON (ssaT ST-FliCON) or SPI2-mutant (ssaT) bacteria marked with ampicillin resistance (AmpR) or kanamycin resistance (KanR). Results presented 
as CI (log of the ratio of ampicillin resistance to kanamycin resistance); a CI of −2 corresponds to 1 CFU of ampicillin-resistant bacteria for every  
100 CFU of kanamycin-resistant bacteria. (c) CI of ST-FliCON verusus ST-WT in the spleens, livers and mediastinal lymph nodes (Med LN) of mice  
at various times (above graph) after infection. (d–j) CI of ST-FliCON versus ST-WT in wild-type and knockout mice at 48 h after infection. (k) CFU  
in the draining lymph nodes of wild-type mice (n = 4), Casp1−/− mice (n = 6) and Il1b−/−Il18−/− mice (n = 6) infected intraperitoneally for 24 h  
with L. pneumophila. (l) CFU in the draining lymph nodes of wild-type mice (n = 6), Casp1−/− mice (n = 4) and Il1b−/−Il18−/− mice (n = 6) infected 
intraperitoneally for 24 h with B. thailandensis. *P < 0.05 (t-test). Data are representative of three (a,c,i), more than three (b), five (d), two (e,f,h) or 
four (g,l) experiments (error bars, s.d.; mouse numbers in b–j, Supplementary Table 1). 
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to infect the same mouse and determined the bacterial load of each 
on the basis of their differences in antibiotic resistance (ST-WT in this 
assay carry kanamycin resistance, whereas ST-FliCON are resistant to 
ampicillin). Two days after infection, we recovered 1 colony-forming 
unit (CFU) of ST-FliCON for every 100 CFU of ST-WT (yielding a CI 
value of log10 ampicillin / kanamycin = −2.00; Fig. 2b). In contrast, 
when we used ampicillin-resistant ST-WT to compete with kanamycin- 
resistant ST-WT, we had equal recovery (CI, 0.0; Fig. 2b; detailed CFU 
data for CI experiments, Supplementary Table 1). We recovered fewer 
ST-FliCON from several target organs, including the draining lymph 
nodes, liver and spleen, with a more pronounced difference in CI 
over time (Fig. 2c). As expected, this clearance was dependent on the 
SPI2 T3SS (Fig. 2b), consistent with published observations that the 
T3SS is required for delivery of flagellin to the cytosol1. Thus, flagellin 
expression concomitant with expression of the SPI2 T3SS enables the 
innate immune system to clear these bacteria.
ST-FliCON clearance is independent of IL-1b and IL-18
NLRC4 is required for detection of cytosolic flagellin and subsequent 
activation of caspase-1 in vitro. Nlrc4−/− mice succumbed to infection 
with ST-FliCON, unlike wild-type mice (Fig. 2a). Consistent with that 
observation, Nlrc4−/− and Casp1−/− mice failed to clear ST-FliCON  
in vivo in the CI assay (Fig. 2d,e), whereas mice deficient in the extra-
cellular flagellin receptor TLR5 retained the ability to clear ST-FliCON 
(Fig. 2f). These results also indicate that the fliC expression plas-
mid does not otherwise interfere with S. typhimurium virulence by 
compromising the function of the SPI2 T3SS or by placing a greater 
metabolic burden on replicating bacteria.
Because caspase-1 is essential for protection, we addressed whether 
its substrates IL-1β and IL-18 have a role in clearing ST-FliCON. Mice 
deficient in the IL-1 receptor (Il1r1−/− mice) cleared ST-FliCON equiv-
alent to the clearance seen in wild-type mice (Fig. 2g). IL-18 induces 
the secretion of IFN-γ, which is crucial for late control of ST-WT; how-
ever, both IL-18-deficient (Il18−/−) mice and IFN-γ-deficient (Ifng−/−) 
mice successfully cleared ST-FliCON (Fig. 2g,h). Finally, we also ruled 
out a redundant effect of IL-1β and IL-18, as mice deficient in both 
IL-1β and IL-18 (Il1b−/−Il18−/−) or the IL-1 receptor IL-1R1 and IL-
18 (Il1r1−/−Il18−/−) also cleared ST-FliCON (Fig. 2i,j). Il1b−/−Il18−/− 
mice cleared ST-FliCON at 24, 48 and 72 h after infection at rates equal 
to those of wild-type mice (Supplementary Fig. 1a), and they were 
protected from lethal infection by ST-FliCON, unlike Nlrc4−/− mice 
(Fig. 2a and Supplementary Fig. 1b). We also observed cytokine-
dependent effects. Il1b−/−Il18−/− mice showed slightly greater sus-
ceptibility than wild-type mice did to both ST-WT and ST-FliCON at 
72 h after infection (Supplementary Fig. 1c,d). However, this differ-
ence was substantially lower than the cytokine-independent effect, 
which enabled greater clearance of ST-FliCON in both wild-type and 
Il1b−/−Il18−/− mice (Supplementary Fig. 1c,d). It has been reported 
that TIRAP, an adaptor protein for TLR signaling, can be cleaved by 
caspase-1 (ref. 18); however, Tirap−/− mice also cleared ST-FliCON 
(Supplementary Fig. 1e). These results indicate that NLRC4 and cas-
pase-1 are required for flagellin-induced clearance of bacteria and that 
this clearance is independent of IL-1β and IL-18.
Cytokine-independent control of Legionella and Burkholderia
The studies described above used modified strains of S. typhimurium 
that express flagellin in vivo as a tool to probe caspase-1-mediated 
clearance of bacteria. We also sought to determine if caspase-1 clears 
unmodified bacteria from tissues by mechanisms that do not require 
IL-1β and IL-18. We therefore examined infection with two bacteria that 
activate caspase-1 and reside in macrophages: Legionella pneumophila 
and Burkholderia thailandensis. L. pneumophila is the causative agent 
of Legionnaire’s disease, whereas B. thailandensis is a model organism 
for B. pseudomallei and B. mallei, which cause melioidosis and glanders, 
respectively. L. pneumophila and B. thailandensis are both flagellated and 
express a type IV secretion system and a T3SS, respectively.
We infected mice with either L. pneumophila or B. thailandensis and 
assessed colonization of the draining lymph nodes 24 h later. In both 
cases, Casp1−/− mice were deficient in their ability to restrict bacte-
rial counts (Fig. 2k,l); this effect was not completely recapitulated in 
Il1b−/−Il18−/− mice (Fig. 2k,l). After infection with L. pneumophila, 
Il1b−/−Il18−/− mice had bacterial counts significantly higher than those 
of wild-type mice but also significantly lower than those of Casp1−/− 
mice (Fig. 2k), which suggested that both cytokine-dependent and 
cytokine-independent control operates via caspase-1. After infec-
tion with B. thailandensis, the differences in bacterial counts in 
Il1b−/−Il18−/− mice and wild-type mice were not statistically significant, 
and both were lower than the counts in Casp1−/− mice (Fig. 2l). 
These results indicate that caspase-1 controls the dissemination of 
L. pneumophila and B. thailandensis at or before the draining lymph 
node and that the full effect cannot be attributed to IL-1β and IL-18.
Clearance of ST-FliCON is independent of the adaptor ASC
The adaptor protein ASC (PYCARD) contains a pyrin domain and a 
caspase-recruitment domain (CARD) and is essential for bridging the 
pyrin domain of NLRP3 to the CARD of caspase-1 (ref. 1). In contrast, 
NLRC4 contains a CARD that directly interacts with the CARD of 
caspase-1; nevertheless, ASC enhances NLRC4-dependent caspase-1 
activation and IL-1β secretion17,19–22. ASC-deficient mice cleared 
ST-FliCON as efficiently as wild-type mice did (Fig. 3a and 
Supplementary Fig. 1b). This indicates that in vivo, ASC signaling is 
dispensable for NLRC4- and caspase-1-dependent clearance of 
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 intracellular pathogens. Notably, whereas ASC enhanced NLRC4-
dependent secretion of IL-1β by BMDMs after infection with ST-FliCON 
in vitro (Fig. 3b), it did not contribute to macrophage death (Fig. 3c). 
ST-WT did not induce death in BMDMs (Fig. 3d). The observed cell 
death in response to ST-FliCON showed signs consistent with pyropto-
sis: it was inhibited by glycine and dependent on NLRC4 (Fig. 3c,e). 
Thus, ASC enhances NLRC4-dependent secretion of IL-1β but does 
not contribute to NLRC4-induced pyroptosis, consistent with several 
published reports on the role of ASC downstream of NLRC4 activation 
in vitro19–22. Because ASC and IL-1β were not required for pyroptosis 
in vitro or ST-FliCON clearance in vivo, we hypothesized that caspase-1-
dependent clearance of ST-FliCON in vivo is mediated by pyroptosis.
Clearance via NLRC4 is associated with pyroptosis
To investigate the role of pyroptosis in the clearance of flagellin-express-
ing bacteria in vivo, we synchronized the induction of NLRC4 activation 
by engineering a S. typhimurium strain with inducible flagellin expression 
(ST-FliCIND). ST-FliCIND contains a plasmid that expresses fliC under 
the control of a doxycycline-inducible promoter. We infected mice for 
48 h with doxycycline-resistant, green fluorescent protein (GFP)-
 expressing ST-WT or ST-FliCIND. We synchronously induced flagellin 
expression by intraperitoneal injection of doxycycline, which resulted in 
the progressive clearance of ST-FliCIND (Fig. 4a). Pyroptosis is character-
ized by the insertion of pores into the plasma membrane of macrophages, 
which can be detected by staining with propidium iodide. ST-FliCIND 
induced significantly more pyroptosis than did ST-WT in vivo, which 
was dependent on detection by NLRC4 (Fig. 4b,c). These results suggest 
that activation of NLRC4 by flagellin in vivo induces pyroptosis and that 
this is temporally correlated with bacterial clearance.
Phagocyte oxidase acts downstream of NLRC4
ST-WT survive and replicate in macrophages, and we hypothesized 
that activation of NLRC4-dependent pyroptosis would result in the 
release of ST-FliCON from macrophages, which would expose them 
to phagocytosis and killing by neutrophils (Supplementary Fig. 2). 
A major antibacterial mechanism used by neutrophils is the genera-
tion of ROS by the NADPH oxidase. Mutation of Ncf1, which encodes 
p47phox (one of the subunits of the oxidase complex), abrogates ROS 
production; this results in mice defective in neutrophil killing23. 
In our CI assays, we recovered more ST-FliCON than ST-WT from 
Ncf1−/− mice (Fig. 5a). Therefore, in the absence of NADPH oxidase, 
ST-FliCON bacteria not only regain their normal virulence but also 
become hypervirulent relative to ST-WT bacteria. This finding is 
consistent with our prediction that extracellular ST-FliCON bacteria 
expelled from dying macrophages are exposed and killed by neu-
trophils via an ROS-dependent mechanism.
NLRC4 activation releases bacteria from macrophages
The observation that neutrophils killed ST-FliCON was consistent with 
our model that NLRC4-dependent pyroptosis results in the release 
of bacteria from macrophages and the subsequent phagocytosis and 
degradation of bacteria by neutrophils (Supplementary Fig. 2). We 
tested the release step of the model by using the membrane-imper-
meant antibiotic gentamicin to distinguish intracellular bacteria from 
extracellular bacteria in vivo in Ncf1−/− mice; here, killing by gen-
tamicin replaces neutrophil killing after bacterial release. Consistent 
with our hypothesis, induction of flagellin expression in ST-FliCIND 
resulted in exposure to gentamicin (Fig. 5b). As a control, gentamicin 
did not alter the recovery of ST-WT (Fig. 5c). These results indicate 
that ST-WT bacteria are protected from neutrophils by residence in 
macrophages, whereas ST-FliCIND bacteria are released from macro-
phages via pyroptosis.
ST-FliCON reside mainly in neutrophils
We next examined the number of ST-WT or ST-FliCON bacteria in 
splenic macrophages (F4/80+) and neutrophils (Ly6G+) in wild-type 
and Ncf1−/− mice. As expected, ST-FliCON bacteria were cleared from 
wild-type mice and were therefore not detected in macrophages or 
neutrophils (Fig. 6a). ST-WT bacteria were present in similar num-
bers in neutrophils and macrophages in both wild-type and Ncf1−/− 
Figure 4 Evidence of pyroptosis in vivo. (a) CI 
of ST-FliCIND versus ST-WT in wild-type mice 
infected for 48 h with GFP-expressing ST-WT 
or flagellin-inducible ST-FliCIND, followed 
by injection of doxycycline for synchronized 
induction of flagellin expression (n = 2 mice 
per time point, except at 0 h, n = 3). (b,c) 
Membrane integrity of GFP-containing cells 
from the peritoneal wash of wild-type mice (b,c) 
and Nlrc4−/− mice (c) infected for 48 h with 
1 × 105 CFU GFP-expressing ST-WT or ST-FliCON, followed by injection of doxycycline and analysis of propidium iodide (PI) staining 3 h later by flow 
cytometry: numbers in outlined areas (b) indicate percent PI+GFP+ cells; each symbol (c) represents an individual mouse and small horizontal lines 
indicate the average. Mice per group: wild-type, n = 9 (ST-WT) and n = 11 (ST-FliCIND); Nlrc4−/−, n = 3 (ST-WT) and n = 4 (ST-FliCIND). *P < 0.001  
(t-test). Data are representative of two experiments (a; error bars, s.d.) or three experiments (b,c).
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mice (Fig. 6a). Conversely, ST-FliCON bacteria were present mainly 
in neutrophils in Ncf1−/− mice (Fig. 6a,b), which resulted in a higher 
ratio of infected neutrophils to infected macrophages (Fig. 6c). 
We did not observe this skewing into neutrophils in NLRC4- or 
 caspase-1-deficient mice (Fig. 6c). NLRC4 was not expressed in 
 neutrophils (Fig. 6d–f); therefore, this flagellin detector probably 
exerts its effect in macrophages.
We examined the pathology of wild-type and Ncf1−/− mice infected 
with ST-WT or ST-FliCON (Fig. 7). Wild-type mice infected with ST-
WT showed severe inflammatory changes in the spleen characterized by 
multifocal neutrophilic to necrosuppurative splenitis and red pulp con-
gestion (Fig. 7a). In contrast, wild-type mice infected with ST-FliCON 
had nearly normal splenic morphology (Fig. 7b). Ncf1−/− mice infected 
with ST-WT also showed severe inflammatory changes in the spleen, 
including red pulp congestion, thrombosis and neutrophilic to necro-
suppurative splenitis (Fig. 7c,e). The consequences of sustained acti-
vation of NLRC4 by ST-FliCON in Ncf1−/− mice were more severe and 
included massive necrosis in the red and white 
pulp and disruption of normal splenic archi-
tecture (Fig. 7d,e) that was disproportionate 
to the bacterial counts (Fig. 7f). We did not observe that amount of 
necrosis and disruption of splenic architecture in either wild-type mice 
or Ncf1−/− mice infected with ST-WT (Fig. 7a,c). Together these results 
suggest that in wild-type mice, pyroptosis is beneficial to the host, but 
in the absence of downstream killing by neutrophils, repeated rounds 
of pyroptosis can cause substantial damage to host tissues.
DISCUSSION
The innate immune system has potent antimicrobial activities, and 
successful pathogens must evade these defense mechanisms. For 
example, S. typhimurium avoids multiple innate immune mecha-
nisms, including lipocalin24, antimicrobial peptides25, antigen presen-
tation26, T cell activation26 and, as we have shown here, pyroptosis. An 
understanding of the evasion strategies used by pathogens can be used 
to probe the relative importance of specific immune mechanisms. In 
this study we deprived S. typhimurium of its NLRC4-evasion strategy, 
and this has provided many insights into innate immune responses 
to pathogens in vivo.
Our first observation was that caspase-1-dependent clear-
ance of flagellin-expressing S. typhimurium, L. pneumophila and 
B. thailandensis occurred independently of IL-1β and IL-18. That 
finding led us to investigate the cytokine-independent mecha-
nisms by which caspase-1 could promote bacterial clearance. For 
S. typhimurium with persistent flagellin expression, caspase-1-
 dependent control of infection occurred via pyroptosis-mediated 
 bacterial release followed by neutrophil-dependent killing. Casp1−/− 
mice are more susceptible to infection with Francisella tularensis than are 
wild-type mice, and the use of depleting antibodies to IL-1β and IL-18 
only partially recapitulates the phenotype27. It will be useful to investi-
gate the role of pyroptosis in this and other infectious model systems.
Different forms of cell death can be categorized in several ways, 
including programmed or accidental, caspase dependent or caspase 
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independent, and inflammatory or not inflammatory28. Pyroptotic 
cell death is programmed, caspase-1 dependent and proinflamma-
tory9. Apoptosis is also programmed, but in contrast to pyroptosis, 
it is dependent on caspase-3 and caspase-7 and is not inflammatory. 
Apoptotic cell death results in the orderly degradation and clearance 
of cellular contents, whereas pyroptosis, like necrosis, results in the 
release of cellular contents to the extracellular environment. The role 
of pyroptosis in vivo has been unclear. It was initially proposed to be a 
pathogenic mechanism used by bacteria to destroy host phagocytes29. 
However, our data suggest that pyroptosis can be a host defense mech-
anism used to clear intracellular pathogens.
Several other inflammasome activators in addition to NLRC4 
have been shown to induce pyroptosis in vitro, and in each case, it 
is easy to envisage how this might promote pathogen clearance. For 
example, AIM2 detects cytosolic DNA released by viruses30 and by 
lysed Listeria monocytogenes or F. tularensis31–38, and the resulting 
pyroptosis could prevent replication in macrophages and dendritic 
cells. Similarly, NLRP3 responds to intracellular bacterial pathogens, 
including L. monocytogenes39, as well as to several viruses; again, 
NLRP3-dependent pyroptosis of the host cells could limit pathogen 
replication. NLRP3 also responds to pore-forming toxins, including 
those expressed by Staphylococcus aureus40,41, and in this case, pyrop-
tosis could remove the intoxicated cell.
The inflammasome is also activated by noninfectious stimuli, 
including monosodium urate, asbestos and silica crystals. In these 
cases, pyroptosis may cause pathology by resulting in the release 
of inflammatory mediators from the cell; this would be substan-
tially exacerbated by the cyclical uptake and release of these indi-
gestible crystals. We have obtained evidence of pyroptosis-induced 
tissue damage in Ncf1−/− mice infected with ST-FliCON. Our data 
suggest that in these mice, ST-FliCON caused repeated cycles of 
pyroptosis and that this resulted in disruption of splenic architec-
ture and extensive tissue necrosis. In contrast, wild-type mice rapidly 
cleared ST-FliCON through pyroptosis without disruption of normal 
splenic architecture.
We recovered more ST-FliCON than ST-WT from Ncf1−/− mice. 
Furthermore, we observed that the ST-FliCON bacteria moved from 
the macrophage compartment to the neutrophil compartment. These 
data suggest that in the absence of ROS, ST-FliCON actually replicate 
within neutrophils, which lack NLRC4 and do not undergo pyroptosis; 
this opens the possibility that replication in ROS-deficient neutrophils 
is more efficient than replication in macrophages. Alternatively, ST-
FliCON may also replicate in the extracellular space after pyroptotic 
release, whereas ST-WT remain relatively more restricted to the mac-
rophage compartment.
Our data indicated that ST-WT efficiently evaded NLRC4 and cas-
pase-1 during systemic infection, which resulted in lethal infection in 
wild-type mice. Casp1−/− mice and Il1b−/−Il18−/− mice have slightly 
greater susceptibility to infection with wild-type S. typhimurium, 
which suggests that this evasion may not be complete during every 
stage of the infection13,14. This detection of wild-type S. typhimurium 
does not prevent lethality; instead, it delays it: wild-type mice still suc-
cumb to infection with wild-type S. typhimurium despite the presence 
of functional caspase-1 (refs. 13,14). Caspase-1 activation in vivo by 
wild-type S. typhimurium occurs via both NLRC4 and NLRP3 (ref. 42), 
and the delayed mortality is mediated predominantly by IL-18, 
with a smaller contribution from IL-1β14. Although the molecular 
mechanisms of NLRP3 detection remain to be elucidated, detection 
of wild-type S. typhimurium by NLRC4 may arise from the delivery 
of residual flagellin and PrgJ rod protein present in bacteria located 
at or just beyond the epithelial barrier in the intestine during the 
early hours of the infection. Once the bacteria have replicated in host 
cells, more complete repression of flagellin and PrgJ expression could 
result in complete evasion or NLRC4 during the systemic phase of 
the infection.
Our results suggested that activation of caspase-1 by ST-WT was 
relatively weak or transitory and resulted in the secretion of IL-1β and 
IL-18 and a slightly lower bacterial load that did not prevent mortality. 
In contrast, persistent and strong activation of caspase-1 by ST-FliCON 
during the systemic phase of infection produced much lower bacterial 
counts, which resulted in an inability to cause a lethal infection. 
ST-FliCON bacteria were substantially attenuated, with CI values simi-
lar to those of the SPI2 T3SS mutants, and were more attenuated than 
S. typhimurium mutants deficient in PhoP (a regulator that senses the intra-
cellular environment)43. Thus, whereas IL-1β and IL-18 confer a slight 
delay in mortality after infection wild-type S. typhimurium, wild-type 
S. typhimurium evade pyroptosis, an innate immune effector mecha-
nism that would otherwise confer complete protection to the host.
In summary, we have reported two main findings here. First, we 
have demonstrated that caspase-1 cleared intracellular pathogens 
independently of its two main cytokine substrates, IL-1β and IL-18. 
Second, we have shown that caspase-1 mediated bacterial clearance 
via an efficient mechanism initiated by pyroptotic cell death. The rela-
tive contributions of IL-1β, IL-18 and pyroptosis to the clearing of a 
specific pathogen are probably different between pathogens depend-
ing on the virulence strategy used and cell types targeted. Further 
characterization of the role of pyroptosis in vivo may lead to new 
therapies for both infectious and inflammatory diseases.
METhODS
Methods and any associated references are available in the online 
 version of the paper at http://www.nature.com/natureimmunology/.
Note: Supplementary information is available on the Nature Immunology website.
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Bacterial strains and plasmids. S. typhimurium strains were derived from 
American Type Culture Collection variant 14028s. Strains and plasmids are in 
Supplementary Table 2. An flgB-mutant background was used where needed 
(Fig. 4) to eliminate flagellin expression from the chromosomal flagellin loci 
during growth in liquid medium.
Macrophage culture and infection. BMDMs were isolated as described17. 
Macrophages were infected at the appropriate MOI, centrifuged for 5 min at 
233g, incubated for 1 h and washed, then gentamicin (15 μg/ml) was added to 
the medium. Under these infection conditions, the bacteria were in stationary 
phase and neither the SPI1 nor the SPI2 T3SS was expressed by the infect-
ing bacteria; after phagocytosis by macrophages, SPI2 T3SS expression was 
induced in the vacuole and activity was observed after 4–6 h total infection 
time44. Lipopolysaccharide (50 ng/ml) was added to normalize TLR activa-
tion for the various MOI values used. Cytotoxicity was determined by lactate 
dehydrogenase assay (CytoTox 96; Promega). IL-1β secretion was determined 
by enzyme-linked immunosorbent assay (R&D Systems) with correction for 
cytotoxicity as described17. Caspase-1 processing was assessed by immunoblot 
analysis for the p10 fragment (Santa Cruz) as described17.
Mice and mouse infection. Wild-type C57BL/6 mice (Charles River 
Laboratories), Il1b−/− mice45, Il18−/− mice (004130; Jackson Laboratory), 
II1r1−/− mice (003245; Jackson Laboratory), Ifng−/− mice (002287; Jackson 
Laboratory), Tirap−/− mice46, Tlr5−/− mice47, Casp1−/− mice48, ASC-deficient 
mice19, Nlrc4−/− mice19 and Ncf1−/− mice (004742; Jackson Laboratory) on 
the C57BL/6 background were housed in a specific pathogen–free facil-
ity. All protocols were approved by the Institutional Animal Care and Use 
Committee at the Institute for Systems Biology and met guidelines of the US 
National Institutes of Health for the humane care of animals. For bacterial 
infection, mice were infected intraperitoneally with 1 × 105 S. typhimurium, 
except Ncf1−/− mice were infected with 1 × 103 or 1 × 104 S. typhimurium, 2 × 
106 L. pneumophila or 5 × 106 B. thailandensis. For CI assays49, the inoculum 
was composed equally of the control (kanamycin-resistant) strain and experi-
mental (ampicillin-resistant) strain in the doses described above. Spleen or 
mediastinal lymph nodes were homogenized and CFU was determined by 
dilutional plating. CI results are presented as log(experimental CFU / control 
CFU). Infected tissues were collected at 24, 48 or 72 h after infection and 
homogenized, then were grown with the appropriate antibiotics for counting of 
CFU. Induction of the tetracycline promoter was accomplished in vivo by intra-
peritoneal injection of doxycycline at a dose of 0.8 mg per mouse. Gentamicin 
was injected intraperitoneally at a dose of 1 mg per mouse.
Cell isolation and flow cytometry. Peritoneal fluid was collected in ice-cold flow 
cytometry buffer (2 mM EDTA, 1% (vol/vol) FCS and 5 mM glycine in PBS). For 
flow cytometry of splenocytes, part of the spleen was used for the preparation 
of single-cell suspensions by incubation for 30 min at 37 °C with 0.14 Wunsch 
units of Liberase III (Roche). Peritoneal and splenic cells were identified as 
macrophages through the use of phycoerythrin-conjugated anti-F480 (Cl:A3-1; 
Serotec) or as neutrophils through the use of phycoerythrin-conjugated anti-
Ly6G (1A8; Invitrogen). Pyroptotic cells were stained with propidium iodide. 
GFP-expressing S. typhimurium were used to mark infected cells.
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